The L-A double-stranded RNA virus of Saccharomyces cerevisiac makes a gag-pol fusion protein by a -1 ribosomal frameshift. The pol amino acid sequence includes consensus patterns typical of the RNA-dependent RNA polymerases (EC 2.7.7.48) of (+) strand and double-stranded RNA viruses of animals and plants. We have carried out "alaninescanning mutagenesis" of the region of L-A including the two most conserved polymerase motifs, SG...T...NT..N (. = any amino acid) and GDD. By constructing and analyzing 46 different mutations in and around the RNA polymerase consensus regions, we have precisely dermed the extent of domains and specific residues essential for viral replication. Assuming that this highly conserved region has a common secondary structure among different viruses, we predict a largely fl-sheet structure.
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The (+) strand RNA viruses of animals and plants share amino acid sequence patterns in their RNA-dependent RNA polymerase (EC 2.7.7.48) regions (1-3) (Fig. 1) . The same patterns are present in most of the dsRNA viruses whose polymerase segment has been sequenced, including the L-A virus of Saccharomyces cerevisiae (4), reovirus (5), bluetongue virus (6) , and rotavirus (7) . Two other dsRNA viruses [46 phage (8) and infectious bursal disease virus (9) ] show a less clear fit to the pattern. The extent of these common sequence patterns suggests that there is a common structure and function among the more than 50 viral enzymes for which sequence data are available and that information obtained about one of them may be applicable to others. While different enzymes must recognize different sites on viral RNA and interact with different viral and host proteins, there are also common functions which they must carry out, including binding of Mg2' and rNTPs, holding onto the template RNA chain, and the chain elongation reaction itself. It is likely that these conserved sequence patterns are part of domains responsible for such common functions.
The L-A dsRNA virus of yeast replicates by a conservative mechanism with (+) and (-) strands made inside the viral particle at different points in the replication cycle (reviewed in ref. 10 ). In vitro systems for replication, transcription, and packaging are available, and the signals for the replication step and for packaging have been defined (11) (12) (13) (14) . L-A encodes its 70-kDa major coat protein (called gag) (4, 15) and a 170-kDa gag-pol fusion protein (4, 16) formed by a -1 ribosomal frameshift indistinguishable in mechanism from that used by retroviruses for a similar purpose (17) . The pol region of the gag-pol fusion protein (4) has all the characteristic sequence patterns identified by Kamer and Argos (1) as typical of (+) strand RNA viral RNA-dependent RNA polymerases.
The M1 satellite virus of L-A encodes a protein, the killer toxin, that is secreted by cells carrying M1 and kills cells lacking M1 (reviewed in refs. 10 and 18). M1 depends on L-A for its coat and replication proteins (19) . MAK10 is one of three chromosomal genes needed for L-A virus propagation within yeast cells (20) . In a maklO host, L-A proteins expressed from a cDNA clone of L-A support the replication of the M1 satellite virus but (for unknown reasons) do not support propagation of the L-A virus itself (21) . Thus, while L-A requires the MAK10 product itself, M1 requires MAK10 only because it requires the L-A-encoded proteins. We have used this phenomenon to assay the importance for viral propagation of specific sequences encoded by L-A. Previous work to examine the importance of the amino acid patterns conserved among RNA-dependent RNA polymerases has dealt with the enzymes encoded by Qf phage, poliovirus, and brome mosaic virus (22) (23) (24) .
We have defined the regions surrounding the two most highly conserved RNA polymerase consensus patterns that are necessary for viral propagation. We show that, although these domains are highly conserved among a broad range of viruses in both primary structure and predicted secondary structure, they are not interchangeable.
MATERIALS AND METHODS
Strains and Media. YPAD, YPG, 4.7MB, SD, and synthetic complete medium (25) and LB medium (26) Site-Directed Mutagenesis. Mutagenesis of the L-A cDNA expression plasmid pI2L2 (21) was carried out as described by Kunkel (29) , using the Muta-Gene kit from Bio-Rad. All mutations were confirmed by sequencing. To ensure that loss of activity was due to the introduced mutation and not to changes elsewhere in the L-A sequence or vector, two cycler (Perkin-Elmer/Cetus) as follows: 94°C for 1.5 min, 37°C for 1.5 min, and 72°C for 2 min. Then, 2.5-10% of the product was used as template for a second identical PCR except that only the 55-mer primer having the L-A (-) strand sequence was included. This generated an excess of the strand to be used as a mutagenic oligonucleotide. Then, 40% of the reaction products in 8 ,ul of H20 were 5' phosphorylated with T4 polynucleotide kinase (BRL) and used for site-directed mutagenesis of the L-A cDNA expression plasmid pI2L2 as described above.
Assay of Altered L-A Expression Vectors. The L-A expression vector pI2L2 (21) has the PGKI promoter (32) , the L-A sequences from one of our full-length clones (4), the origin of replication of the 2-,um DNA plasmid, the yeast TRPI gene for selection in yeast, the fl phage replication origin for production of ssDNA, and pBR322 sequences (Fig. 2) . Amino acid residues in L-A's pol ORF are numbered starting with the Arg residue at base 1964, which is the first amino acid after the -1 ribosomal frameshift (17) . The L-A expression vector pI2L2, specifically mutated in the L-A coding sequences, was introduced by transformation (33) into yeast strain 2955p°. Into this strain was then introduced, by cytoplasmic mixing [cytoduction (34) ], M1 and L-A viruses. Because this strain is defective in MAKIO, it is unable to maintain L-A dsRNA, even though the normal L-A proteins are supplied from the cDNA vector. M1 is stably maintained, however, and is present in viral particles (21 (4) (5) (6) (7) (8) (9) . The region shown here has the most extensive homology among these proteins, but conserved patterns extend well beyond these in both N-terminal and C-terminal directions (1, 3). The most highly conserved residues are shown by asterisks. The viral sequences shown here are not more homologous to L-A than those of other (+) ssRNA and dsRNA viruses. Carnat, carnation mottle virus; TobEch, tobacco etch virus; MV, mosaic virus; TobMV, tobacco mosaic virus; Mdlbrg, Middleburg virus; F, fever virus; FootMDV, foot-and-mouth disease virus; EMC, encephalomyocarditis; BTV, bluetongue virus; IBDV, infectious bursal disease virus; aa, amino acids. Amino acid symbols shown in lowercase do not agree with the consensus.
an in vivo assay of the activity of the proteins encoded by the L-A cDNA clone in the absence of the L-A virus itself. The stable maintenance of M1 by the L-A cDNA clone requires both the major coat protein (gag) and the gag-pol fusion protein (21 (1992) particularly hydrophobic nor polar. These ideas have been encapsulated in the expression, "alanine-scanning mutagenesis," and we have adopted this approach to simplify the task of defining essential regions in the L-A pol ORF.
L-A pol Domains. We substituted alanine for pairs of amino acids or single residues as shown in Fig. 3 . The most highly conserved residues [544SG, 549T, 579GDD (the number always indicates the first residue)] were all essential for activity (<1%), but the less strictly conserved 553NT (which is NS, HT, or GT in some viruses) was 4% active when changed to AA, and 557N (which is T, M, S, . . . in other viruses) was 17% when changed to A. 554T is often S in other viruses, and this works in L-A as well, but 557N cannot be changed to T (Fig. 4B) . The eight nonconserved residues inside the SG...T...NT..N motif were essential, but the rates of loss of M1 appeared to be slower than for the adjacent conserved residues (except for 557N).
We sought to establish borders of putative functional domains. The SG ...T... NT..N domain comprised 22 amino acids from residue 540 to residue 561, and the 579GDD domain was 29 amino acids from residue 565 to residue 593. Having localized the limits for both domains, we constructed single-residue changes of each couple to ascribe this limit to one specific amino acid. In the couple 54OGT, only the T was lethal, while in 560YM, either alone was lethal. Thus, the SG...T...NT..N domain (domain 1) comprises 21 amino acids from 541T to 561M. Although 565GV -k AA was less than 25% active, both 565G -* A and 566V --A were fully active, suggesting that each is partially necessary. Thus, the GDD domain is 29 residues from 565G to 593V (domain 2).
There are two GDD sequences in the L-A pol ORF, one starting at residue 579 and the other at residue 707. While any of the substitutions in the GDD starting at 579 were lethal, there was no effect of 707GDD -> AEE (Fig. 4A) . Between the two domains, there are 3 to 5 residues that were not essential for activity (at least 562KLA). Since the number of residues between the domains is quite variable among various viruses, we sought to determine if this distance is critical by inserting 6 alanine residues at this point (Fig. 4C) . This mutation largely, but not completely, inactivated the plas- mid, though less dramatically than a conserved residue mutation, indicating that this distance is important.
When full killer colonies from 538LQ --AA and 562KL AA, and weak killer colonies from 562GV --AA, 573QD AA, 575SV --AA, 584IS -* AA, and 586LN --AA were restreaked for single colonies on media selecting retention of the L-A expression plasmid, all of the colonies from mutant groups that did not affect the killer activity in the first assay remained full killers, but those from mutant groups with reduced activity in the first assay now had no killer activity at all. Thus, the former maintain M1 as stably as the wild type, and the latter will ultimately completely lose M1, though they may vary in their rate of its loss.
Effect corresponding residues from poliovirus, reovirus, and Middleburg virus (Fig. 4B) . None of these substitutions left any substantial activity. We then constructed substitution mutants in which all of domain 1, all of domain 2, or both were substituted from homologous regions of other viruses into L-A to determine if they were interchangeable. While the borders of domain 2 in Fig. 3 seem clear, the left border of domain 1 appeared ambiguous, and so in some experiments, we made substitutions of domain la and of lb (MS). We also replaced residues that did not seem to be essential, at the border of a domain in L-A, with residues from the other virus which might be involved in the function ofits (possibly larger) domain (MS). In some cases, we inserted extra amino acid residues from the other virus at the borders of the L-A domains (MR). In none of these substitutions did we obtain substantial activity (Fig. 5) . For reovirus the distance between its SG...T...NT..N and GDD motifs is 16 amino acid residues greater than for L-A. Ifthis distance were important, as it seems to be for L-A, then we may have failed to see activity for this reason. Sindbis virus has the same distance between the SG..T. ..NT..N and GDD motifs as does L-A. The failure of these substitutions to work may be because interactions among more than just the two domains are critical or because one or both domains are involved in site-specific binding to the template.
Consensus Secondary Structures. The presence of consensus patterns for viral RNA-dependent RNA polymerases in such a large group of animal, plant, and fungal viruses indicates that these enzymes must have a common secondary structure in these regions. Although the secondary structure prediction programs currently available are only about 60%6 accurate when predicting the structure of a single residue of a single protein (36) , if used on a homologous set of proteins with the assumption that they have a common secondary structure in the region under consideration, the consensus prediction should be far more accurate. We have applied the method of Robson and Garnier (37) to 42 known or presumed viral RNA-dependent RNA polymerases, aligning the structures by using the regions of homology (Fig. 6) . The results show a remarkable degree ofagreement among the structures predicted for various viruses, suggesting that this approach may be valid. The most conserved regions are predicted to have 3-sheet structure with turns at the most conserved residues, a result similar to that reported previously for a slightly different domain for a set of RNA-dependent polymerases that overlaps with those we have studied (3). DISCUSSION RNA-dependent RNA polymerases are unique to viruses. This means that such enzymes should be possible targets for antiviral drugs. Fortunately, the RNA-dependent RNA polymerases of (+) strand ssRNA viruses and dsRNA viruses share substantial common sequence patterns (1) (2) (3) 38) . If one could determine the specific function of these residues, it might be possible to design drugs, based on the substrate, that would act to block the replication of whole classes of animal and plant viruses. It was with this admittedly ambitious goal 
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FIG. 6. Conservation of secondary structure among many RNA-dependent RNA polymerases from diverse viruses. The program of Robson and Gamier (37) was used to predict the conformations of 42 known and presumed RNA-dependent RNA polymerases of (+) ssRNA viruses and dsRNA viruses. The output was aligned by using the conserved residues (double underlining), and the number of sequences predicted to have the indicated conformation is tabulated. Asterisk, L-A prediction agrees with consensus; dot, almost agrees; E, ,-sheet; H, a-helix; T, turn; and C, coil. Domains 1 and 2 are underlined. (24) , all resulting in decreased or temperature-sensitive activity. One study of QJ3 replicase found that insertions in most parts of the molecule inactivate it (39) . In the studies of poliovirus (23) , polymerase was produced in Escherichia coli in soluble form and the mutants produced were examined for some of their enzymatic properties. Although some substitutions resulted in decreased activity, and not simply a "dead" enzyme, no qualitative changes in the enzyme were found that would suggest the nature of the defect. Some mutations of the human immunodeficiency virus reverse transcriptase domains have also been analyzed (40) . Although in vitro systems for L-A replication, transcription, and a partial packaging reaction have been developed (11, 12) , we were unable to assay these activities in particles produced from the L-A expression vector. Thus our studies have been initially restricted to measuring the effects of the mutations on overall viral propagation, assuming that changes in this region of pol are affecting mostly RNAdependent RNA polymerase activity. This is the most extensive study made to date of these domains. We found that all of the consensus residues examined were essential. Moreover, residues in the surrounding areas were also necessary, in various degrees, for viral propagation. Our experiments confirm part of the "consensus" approach in that the most stringently required residues were, in fact, those which are most conserved ones, except perhaps for the NT and N residues of the SG...T...NT..N motif. However, the domain sizes predicted (3) were 28 and 11 residues for the SG...T...NT..N and GDD motifs, respectively, but we found 21 and 29 residues as their actual extents.
Of course, our work assumes that failure of viral propagation is due to failure of RNA polymerase activity, and we have not yet been able to measure this directly. If sequences with other functions are interspersed among the RNA polymerase motifs, it would confuse our results. It will be of interest to compare the results obtained here with similar studies from other systems when they become available. We could locate a three-to five-amino acid region between the SG.. .T...NT..N and GDD motifs that was not essential, but even this region could not be freely changed in length. Insertion of six alanine residues prevented viral propagation. The importance of this interdomain distance may, in some cases, have prevented our seeing activity with substitutions of sequences from other viruses. Although we focused on the two most conserved domains, less conserved motifs in other parts of the molecule have been recognized (1, 3) , and specific interactions of these with the two domains we studied could have made substitution mutants inactive. Also potentially critical may be some template sequence-specific information encoded in these domains. Although we argue (above) that this is unlikely, it is not impossible, and examination, in the L-A system, of where such specificity resides, may be enlightening.
